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ABSTRACT
As organisms encounter different environments, their ability to process new and
changing information directly impacts survival. In vertebrates, this ability often occurs
through the development of cognitive processes, which is facilitated by neuroplasticity.
Chinook salmon (Oncorhynchus tshawytscha) smolts experience a large environmental
change as they migrate from their freshwater natal streams into the ocean, and must be
able to learn, react to, and remember new stimuli. I used RNA sequencing techniques to
investigate transcription differences between brains of Chinook salmon who had been
exposed to salt water for 24h and a freshwater control group. I also investigated
differences in the response to salt water among populations, and between smolt stage, and
pre-smolt stage Chinook. The transcriptional differences I found indicate neuroplastic
potential is higher in wild fish, younger fish, and increases in response to salt water.
These findings increase our insight into potential genetic mechanisms behind
neuroplasticity.
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CHAPTER 1.0
GENERAL INTRODUCTION
Neuroplasticity describes the ability of neural structures and pathways in the brain to
change, and provides the means for the brain to process and store information. Though
brains are more plastic during development, they continue to be remodeled through life1.
Fish have a much larger potential for neuroplasticity during adult stages compared to
mammals, and have been shown to recover from brain injury much more efficiently2,3,4,5.
Increased neuroplasticity in fish may also aide in the ability of some species to acclimate
during transitions to drastically different environmental conditions, such as the migration
of salmon from freshwater natal streams to the ocean, by allowing them to quickly
process and adapt to their new environment6. This ability may differ among populations
which are locally adapted, and in the case of salmon, between fish who have undergone
smoltification (the process prior to ocean entry where young salmon physiologically
adapt to salt water) and those who have not. Investigating potential neuroplastic changes
is best done at the genetic level using tools such as RNA-Seq (transcriptome sequencing
using high-throughput sequencing technology), as neuroplasticity is a complex trait likely
affected by many genes, and such tools provide the means to investigate transcriptional
changes in many genes at once7,8.

Local Adaptation and Phenotypic Plasticity
In a general sense, adaptation is a process of modification. Although it is a term
often used to describe changes that facilitate higher success in the organism’s
environment, it has a more specific meaning in evolution. It is the process by which traits
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that contribute to a higher likelihood of survival or reproductive success become more
frequent 9,10. For a trait to be adaptive, it must result in differential fitness among
individuals who exhibit variation in the trait11. How quickly an adaptation can occur
depends largely on generation time and intensity of selection pressure.
Natural selection often varies spatially, and, in the absence of opposing forces
(migration, genetic drift) this will drive local populations to evolve traits that provide an
advantage in their specific environment, or “local adaptation”12. It has been shown that
in comparison with individuals from other sub-populations, locally adapted individuals
have a higher fitness in their own habitat13. For local adaptation to occur, there must be
genetic variation within the population and the possibility for population growth, with the
most rapid adaptation resulting from colonization events14. While there has been much
research directed towards understanding the evolution of coding DNA sequence and thus
proteins, most phenotypic differences can likely be explained by mutations in the genes
of gene expression regulatory mechanisms15, and thus, observed phenotypes may in fact
be indirectly locally adapted.
In rapidly changing environments, organisms must acclimate on a time scale
much faster than evolution would normally allow. They may do this by altering their
phenotype through a change in gene expression to increase survival in the new
environment. The ability to change phenotype in response to a changing environment
without a genetic change (evolution) is called phenotypic plasticity16. The scope for a
phenotypically plastic response itself can be acted upon by selection, and is therefore an
adaptive trait if it increases fitness17. There also may be costs associated with plasticity,
causing plasticity in some traits to be transient18. This agrees with the theory of “genetic
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accommodation”- a process of local adaptation, where plasticity allows an organism to
survive and reproduce in a changing environment by changing the expression of the trait.
Eventually the gene expression range for a trait may be reduced, and as a result, plasticity
reduced19. The mechanisms of phenotypic plasticity are unknown, but currently the two
main theories revolve around changes in regulation pathways, and inactivation of certain
alleles directly relevant to the changing phenotype20. Recently, evidence for the control
of plasticity by larger regulation pathways such as the role of the insulin/insulin-like
growth factor signaling pathway in organ growth has been reported21.

Neuroplasticity
The brain is an extremely complex organ and determining the mechanisms behind
its development remain one of the most elusive questions in science. This is because, in a
sense, the brain develops throughout life - constantly learning and storing new
experiences. This is possible because of a property called neuroplasticity.
Neuroplasticity is the ability to change or reorganize parts of the brain through new cell
formation, cell growth, and synaptogenesis22,23. This property is present through most of
life in vertebrates, but does not present itself equally in all stages of life24. As with any
organ, the capacity for neuroplasticity in the brain is much greater during early
developmental stages, when larger general mechanisms for development are active.
Neuroplasticity can be affected by both internal and external environmental conditions,
such as stress25, immune challenge26, and epigenetic interactions27,28. Upon maturity,
there is little need for rapid brain development, because most novel functions of the brain
have already developed. There does remain, however, a need to process and remember
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new stimuli and events on a smaller scale. The ability to integrate new experiences into a
previously learned foundation and use them in future problem solving directly impacts
success (in foraging, predator avoidance, migration behaviour, etc.) and is likely the
reason organisms have evolved to retain neuroplastic properties through maturity.

Farmed vs. Wild
Aquaculture has become a large industry, allowing effective and efficient
production of fish while wild stocks become depleted - but it does come with
consequences. One of the major concerns is unintended rapid evolution of farmed stocks
due to different environmental pressures29, however this has also been shown in salmon
augmentation hatcheries30. During the first year of life, salmon farms and augmentation
hatcheries likely change selection pressures in similar ways due to their similar rearing
environments, but where augmented hatchery populations return to the wild, farmed
populations remain in a controlled environment, which has been shown to result in
evolutionary differences of traits seen later in life. For example, more aggressive fish
thrive in food competition within the controlled environment, where their bold nature in
the wild leads to higher incidences of predation31,32. Evolution also tends to occur in
farmed populations via drift because of the relatively small population sizes33,34, leading
to a decrease in genetic diversity35 and a lower propensity to adapt to environmental
changes. These changes may become problematic within the farm, but potentially
catastrophic upon an escape of farmed fish into the wild, as interbreeding between farm
adapted fish with wild populations greatly reduces the fitness of future wild
generations36,37.
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Next Generation Sequencing Technology and RNA-Seq
Next Generation (NextGen) sequencing technologies have revolutionized genetic
research38,39. While traditional Sanger sequencing has successfully provided us with the
means to sequence the human genome40, it is expensive in both cost and time. NextGen
technology requires little starting sample (about 10ng)41, and does not require bacterial
cloning. While there are many different high-throughput sequencing systems, the ones
employed in this thesis are the Roche 454 Pyrosequencer and the Ion Torrent. In each of
these, templates are bound to beads and amplified in individual wells using emulsionbased PCR (emPCR). The products are then denatured, and the sequencing reaction
begins. Nucleotides are washed across samples (one base at a time), and ligated to the
synthesized strand-producing a signal (light from the 454 technology, and pH change
from the Ion Torrent) from the chemical reaction42,43. While Sanger sequencing on
average produces read lengths 700-900 base pairs (with about 99% accuracy)44, longer
than many of the NextGen sequencers, the newer NextGen technology has the potential
for millions of reads in one run. While sequencing the Streptoccoccus pneumonia
genome, Margulies et al. produced 529, 077 high quality reads in 2 runs using 454
technology- covering 92% of the genome with 99.97% accuracy in under 5 hours38, a job
that would have taken years with Sanger sequencing.
RNA-seq is one of the newest and most powerful applications of NextGen
sequencing technology. This process involves reverse-transcribing RNA to cDNA and
sequencing on a high throughput machine to determine semi or fully quantitative gene
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transcription levels45. Past techniques for measuring gene expression relied on probe
hybridization and fluorescence, and Sanger methods of transcriptome analysis are
prohibitively expensive and time consuming for most labs, and do not provide the depth
of coverage needed to identify rare transcripts. The hybridization/probe methods, such as
the microarray and Northern blots, lead to 3 major problems: high background signal,
lack of sensitivity, and the inability to interrogate unknown sequences46,47. RNA-seq
facilitates the compilation of whole transcriptomes in short periods of time, and has been
used to identify transcript populations in non-model organisms such as Lake Sturgeon
(Acipenser fulvescens)48 and the Glanville fritillary Butterfly (Melitaea cinxia)38. It has
also been used to find different gene isoforms during cell differentiation49. Universal
adapter sequences are ligated to cDNA fragments and used as priming sites for the
sequencing reactions, allowing sequencing of unknown fragments. Background signal
and poor sensitivity are not a problem because each sequence is produced from an
individual transcript, resulting in a discrete measure of expression.

Study Species
Chinook salmon (Oncorhynchus tshawytscha) are the largest (in body size)
species of the Pacific salmon. These anadromous fish are native to the Pacific coast of
North America from southern California to mid-Alaska, as well as the east coast of
Russia and northern Japan, however, non-anadromous introduced populations also exist
in the Great Lakes. Both anadromous and non-anadromous types undergo smoltificationa process involving anatomical, hormonal, physiological, and behavioural changes to
prepare them to enter salt-water50. Salmon that remain in fresh water throughout their
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life-cycle do not complete all of the modifications during this process, and have been
shown to revert back to pre-smolt phenotypes for some traits51. The timing of the onset
of smoltification largely depends on photoperiod, however, this developmental
correlation changes with life history type (i.e. stream or ocean type)52. Ocean-type
Chinook migrate to the ocean in the spring following their autumn fertilization, while
stream-type Chinook remain in their natal stream for a year or more before migrating to
the ocean. Which migratory type a fish becomes depends on a threshold body size at the
beginning of migration season, with fish under the threshold size becoming streamtype53. Chinook salmon have also been shown to have an ability to rapidly adapt to local
conditions54, making them an excellent study species for characterizing local adaptation.
Differences in brain structure have also been found between hatchery reared and wild
Chinook55. Aside from the scientific advantages of studying Chinook salmon, they are of
considerable economic importance in many countries, generating revenue on the sale of
hundreds of millions of dollars in Canadian aquaculture alone56.

1.1 THESIS OBJECTIVES
The goal of this thesis is to understand how the Chinook salmon (Oncorhynchus
tshawytscha) smolt brains respond to ocean entry from fresh-water natal streams.
Chapter 2
As Chinook salmon smolts make the transition from freshwater natal streams into
the ocean, they encounter a new set of environmental conditions. The ability to quickly
assess, react to, and remember their new environment directly relates to survival. My
objective is to determine which genes in Chinook salmon smolt brains respond to this
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transition. This will allow me to determine which mechanisms in the brain are
responsible for neural plasticity, which may offer insight into if/why the brain changes in
response to salt water directly after physiologically preparing for salt water during the
smoltification process. Finally, I will investigate differences in the response to salt water
between a wild and a farmed population.

Chapter 3
The Chinook salmon brain response to salt water requires it to be plastic and is
likely composed of complex interactions between regulatory pathways and genes
responsible for neural plasticity. My objective is to identify how the expression of a set
of genes involved in brain development and potentially neuroplasticity induces pathway
changes in response to salt water, and how these responses differ with age and source
population. This will allow me to draw conclusions about how neuroplasticity (as a
subset of phenotypic plasticity) is governed, and if a neuroplastic response is locally
adapted.
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CHAPTER 2.0
TRANSCRIPTOME CHANGES IDENTIFY POTENTIAL NEUROPLASTICITY
CHANGES IN THE BRAINS OF CHINOOK SALMON SMOLTS ENTERING SALT
WATER*
2.1 INTRODUCTION
Neural plasticity is the capacity for change in the structure of the brain, often in
response to environmental change or stimuli. It includes changes in cell number or cell
size1,2, and changes in the synaptic connections between neural cells3. Neural plasticity is
generally highest during early development, and most vertebrates have some degree of
neural plasticity throughout life, but in the brain, neuroplasticity varies among organisms.
Mammals have been shown to have a low capacity for adult neurogenesis4 in the brain
with the exception of the hippocampus5,6 and olfactory bulb7, whereas fish have shown a
remarkable ability to generate neural cells throughout the central nervous system (CNS)
through adulthood8,9. The ability to grow neural cells and enhance neuronal connections
is directly related to the capacity to learn10, make decisions, remember11, and effectively
recover from injury12,13. Understanding the genetic processes that allow fish to exhibit
neural plasticity throughout life will offer insight into their cognitive development and
adaptive responses to environmental challenges. It may also help us understand why
neuroplasticity is limited during adulthood in other species.
A powerful approach for investigating global functional genetic changes in the
brain is transcriptome analysis. The transcriptome can be used to investigate the genes
giving a cell or tissue its identity, or to compare expression between groups to find genes
_____________________
*Coristine, BJ, Heath, DD, Higgs, D Transcriptome changes identify potential neuroplasticity
changes in the brains of Chinook salmon smolts entering salt water. Submitted to PLoS One.
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that drive functional differences. Currently, there is a general shift in how transcriptomes
are investigated, from microarrays14,15 to RNA sequencing (RNA-Seq)16,17. RNA-Seq
facilitates interrogation of the entire mRNA population in a sample without prior
knowledge of gene sequences, allowing the discovery of novel genes (transcripts) and
providing the ability to examine species and tissues whose genomes and gene expression
patterns are not well characterized.
Chinook salmon (Oncorhynchus tshawytscha) exhibit remarkable life histories
with major habitat shifts driven by freshwater-saltwater migration, they thus encounter
novel environments as they develop. As anadromous fish, Chinook salmon produce
offspring in freshwater streams where they develop until they are ready to migrate
downstream to the ocean for their adult life phase, after which they return to their natal
freshwater stream to reproduce and die. During downstream migration, these fish
undergo smoltification, which prepares them for the saltwater environment, and is
characterized by coloration, behavioural, and hormonal changes18. Smoltification is
primarily triggered by photoperiod and the acquisition of a minimum threshold size19,20.
Transcription changes during smoltification in salmonids have been shown in gill,
kidney, and brain tissue using microarrays21. While the smoltification process is almost
complete prior to ocean entry, salmon who do not enter salt water within a few months of
smolting revert back to freshwater-adapted physiology22,23 suggesting salinity exposure
plays a role in normal salmon development. As salmon enter the ocean from their natal
streams, they experience a completely new set of stimuli and conditions (predators, prey,
topography, etc.), and rapid learning would be a highly adaptive characteristic. The
specific environmental conditions of the freshwater-saltwater transition differ among
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salmon populations, perhaps leading to local adaption of each population to its own mode
of saltwater entry. Local adaptation refers to the tendency of populations to have a higher
fitness in their native habitats than fish from other populations24.
The purpose of this study is to determine transcriptome changes in Chinook
salmon smolt brains in response to salt water, and how this response differs between wild
and domesticated fish. Due to the critical need for rapid cognitive development upon
ocean entry, I expect to find gene transcription changes indicative of increased neural
plasticity in response to salt water in fish from both populations. To be clear, I do not
expect the brain to begin developing in a directed manner. I expect that the brain will
respond with an increase in the potential to develop as indicated by an increase in
transcription of genes responsible for neurogenesis, cell proliferation, progenitor cell
maintenance, and cell and nerve signaling, or a decrease in transcription of genes that
inhibit these processes. I also expect moderate differences in transcription between fish
from each population due to the artificial environment experienced by the domesticated
fish over the past 6+ generations (e.g. lack of predators, abundant food source, no
migration, etc.). As increased neuroplasticity during the freshwater-saltwater transition
would be adaptive for salmon that must rapidly learn and react to their changing
environment, transcriptional changes associated with the environmental shift should
identify genes key in neural development in salmon.

2.2 MATERIALS AND METHODS
Fish Collection
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In early June 2011, hand nets were used to capture sixty-three wild Chinook
salmon smolts from a pond at the Department of Fisheries and Oceans (DFO) Big
Qualicum (BQ) hatchery in Qualicum Beach, British Columbia. Big Qualicum hatchery
draws spawning Chinook salmon from the natural Big Qualicum River population, breeds
them, and supplements the natural population with roughly 3.5 million smolts each spring
(varies yearly). Due to the natural environment the supplemented salmon encounter for
most of their lives, they likely retain the locally adapted traits found in the nonsupplemented proportion of the population. Smolts were transported to Yellow Island
Aquaculture Limited (YIAL) on Quadra Island, British Columbia in a 100L freshwater
tank with ice packs while being continually oxygenated using compressed oxygen and a
fine air stone. The water temperature did not rise above 12OC, and there were no
mortalities during transportation. Upon arrival at YIAL, fish were split into two groups
(n=31 and n=32) and put into 120L tanks with 100L of well-fed fresh water. Sixty-two
domesticated Chinook smolts were collected from farm-production tanks at YIAL. This
domesticated population has been isolated for over 6 generations (since 1986), and the
fish are grown in relatively uniform conditions (tanks and net pens). The domesticated
smolts were also haphazardly split into 2 equal subgroups, with each subgroup moved to
100L freshwater tanks. All experimental tanks received constant water flow, were
continually aerated with compressed air, and the water temperature remained relatively
constant between 8-10OC. Fish were held for one day under conditions that followed the
natural light conditions and were not fed before the experiment.

Saltwater Challenge

16

Two identical tanks were filled with 70L each of fresh water, and InstantOcean®
(Spectrum Brands, Madison, WI) was mixed into each until their salinities were 29ppm
as measured by refractometer (Aquatic Ecosystems, Apopka, FL). These tanks
constituted the saltwater challenge tanks. I saltwater challenged two replicates of 14 BQ
smolts by transferring them to the saltwater tanks, while two replicates were transferred
to identical tanks with freshwater as controls. This design was repeated with the YIAL
domesticated smolts 12 hours after the initiation of the BQ smolt challenge. Half of the
fish (N=7) in each challenge and control treatment were collected at 11 hours posttransfer and the rest were collected at 24 hours post-transfer. Upon collection, the fish
were humanely euthanized with an overdose of clove oil, and their brains placed in 15mL
falcon tubes with a high-salt RNA preservation buffer (Supporting Information; roughly
1:10 tissue to RNA preservation buffer volume). Collection tubes were left at room
temperature for 12-15h and subsequently transferred to -20OC for RNA preservation.
Four fish per replicate (eight replicates in total- two replicates of two experimental
groups for each population) were used for further analysis of the brain tissue. All fish
husbandry duties and euthanizations were carried out in accordance with the University
of Windsor Animal Ethics Counsel, under permit number AUPP#11-13.

Sample Pooling, RNA Isolation, and cDNA Synthesis
Brain tissue was mechanically homogenized using glass beads and a cell disrupter
(Thermo Savant Fastprep FP12, Waltham, MA), and total RNA was isolated with
Invitrogen Trizol (Carlsbad, CA) using the method established by Chomczynski and
Sacchi25. Extracted RNA was treated with Thermo Scientific DNase1 (Waltham, MA) to
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remove genomic DNA. Quantity and purity of the RNA were assessed using a GE
NanoVu spectrophotometer (Fairfield, CT). Total RNA purity ranged between 1.946 and
2.023 (260nm/280nm). Volumes of RNA solution corresponding to 2µg total RNA were
taken from each RNA isolation, and concentrations and volumes were equalized across
samples. RNA from individuals in the same treatment group (challenged or control) and
population (BQ or YIAL) were pooled, to create four unique samples composed of RNA
from 8 individuals. Double-stranded cDNA synthesis was performed using the Evrogen
Mint-2 cDNA Synthesis Kit (Moscow, Russia). The CDS-4M (poly T interspersed with
other nucleotides) adapter was chosen from the kit for cDNA first-strand synthesis to
select for mRNA with a poly-A tail, and to increase sequencing quality (454 sequencing
produces poor quality reads with long repeats such as the poly A tail on mRNA).
Eighteen PCR cycles were used to amplify cDNA in each sample to the level required by
the sequencing protocol (600ng), without amplifying abundant transcripts to saturation.
PCR product was cleaned using the Qiagen QIAquick PCR Purification Kit
(Germantown, MD).

Sample Quantity and Sequencing
The cDNA quantity of each sample was measured using the Invitrogen Quant-iT
PicoGreen Assay (Carlsbad, CA). Samples were sent to the Engencore sequencing
facility at the University of South Carolina where quality and quantity were re-assessed
using the PicoGreen Assay and the Agilent 2100 Bioanalyzer (Santa Clara, CA) prior to
sequencing to ensure the minimum quantity of 600ng practical for sequencing of cDNA
was present in each sample. Unique adapters were ligated to the cDNA in each sample to

18

differentiate them during analysis. Samples were pooled and sequenced using the Roche
454 FLX+ system (Basel, Switzerland). The sequencing reaction was performed with
one half of a standard 454 FLX+ sequencing reaction plate.

Data Analysis
A sequencing report package was generated by software accompanying the 454
FLX+ system. High quality, adapter trimmed sequences were separated according to
sample (population group, treatment, and brain section combinations). Sample statistics
indicated a large variance in the number of sequences (depth) among pooled cDNA.
Sequence assembly was performed by mapping cDNA sequences to the Danio rerio
genome, using the DNAstar softwear suite (Madison, WI). Standard parameters for
RNA-Seq set in the DNAstar software were used, with the exception of minimum
identity for mapping. The standard minimum identity for mapping was changed from
85% similarity to 80% similarity to reflect the genomic distance between Chinook
salmon and Danio rerio.
Within a group, each gene’s transcription level was determined by the number of
reads that mapped to that particular gene in the Danio rerio genome in the Arraystar
package of the DNAstar suite. Transcription was normalized among groups using a
combination of the trimmed-mean method (TMM) in edgeR26, and by scaling each group
to the geometric mean of reference genes27 ef1a28, ubc29, eif1a30, and eif1b across
groups. Gene transcription comparisons between groups/treatments where one group had
no sequence reads (a zero count) used a transcription count of 1 (prior to normalization)
to allow conservative fold change estimation. Statistical comparisons of transcription
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level were made using the false discovery rate method (a version of Fisher’s exact test for
large data sets and multiple hypothesis testing). A q value of 0.05 (which roughly
corresponded to a p value of 0.02) was used as the cut-off for differential transcription to
give conservative estimates of differentially expressed genes.
Transcription level was compared between saltwater and freshwater experimental
groups of each population separately to determine whether saltwater entry triggers
changes in the brains of Chinook salmon. Comparisons were then made between
populations for genes showing a significant response to salt water. Comparisons of
selected genes are reported in a fold change manner. Gene ontology was performed on
the genes determined to be significantly differentially expressed in salt water for each
population separately. I identified differentially expressed genes of particular interest
based on their known functions in neurogenesis, cell proliferation, progenitor cell
maintenance, and cell signaling, and others that could relate to the pre-development of
cognitive processes.

2.3 RESULTS
RNA/cDNA Quality and Quantity
RNA prior to cDNA preparation showed an average sample concentration of 372
ng/µL, with an average quality (260nm/280nm) of 1.995. Double-stranded cDNA
quantified using the Invitrogen PicoGreen Assay (Carlsbad, CA) showed an average
sample concentration of 20.3 ng/µL, and an average mass of cDNA submitted of 1290
ng.
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Sequencing Results
Sequence quality filtering and sequence assembly led to a loss of 95.9% of the
high quality reads generated by pyrosequencing, though no bias should exist in the genes
detected between samples. Sequence reads were mapped to protein coding regions,
filtering out rRNA and tRNA that had passed through the poly A mRNA selection during
first-strand cDNA synthesis. The loss of rRNA and tRNA reads likely contributed to
large portion of the unassigned reads. Sequence summary statistics for each sample are
shown in Appendix: Table A1. A total of 2 174 genes were recovered in at least one
sample, with the distribution of unique genes between samples shown in Figure 2.1.

Statistical Analysis and Differential Transcription
Three sets of gene expression comparisons were made. Freshwater control versus
saltwater treatment for both the wild (BQ) (Appendix: Table A2) and YIAL
domesticated populations (Appendix: Table A3), and wild versus domesticated fresh
water controls (Appendix: Table A4). I found a total of ninty-three genes exhibited
differential expression in response to salt water in the two populations combined,
totalling seventy-four unique genes. Furthermore, a total of forty genes were
differentially expressed between the control (fresh water) wild and domesticated fish,
indicating a population difference in “resting” brain gene expression patterns.
One third (15 genes) of differentially expressed genes in wild fish were downregulated in response to salt water, and almost half (22 genes) of differentially expressed
genes in domesticated fish were downregulated in response to salt water. Considering the
genes known to be involved in aspects of neuroplasticity in Table 2.1, ninety percent (9
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genes) are upregulated in response to salt water in wild fish, and only thirty-eight percent
(3 genes) show this trend in domesticated fish. There were also genes showing a
response to salt water in one population, but not the other (Table 2.1). Coverage varied
across genes and was not an accurate predictor of significant differential transcription.
The Log2 fold change for genes in each comparison is shown in Figure 2.2.
In fish from both the domesticated and wild populations, the most common
function in the biological processes category based on gene ontology was biosynthetic
processes. Although common in fish from both origins, biosynthesis was more
commonly differentially expressed in wild fish. Biological process gene ontology is
shown in Table 2.2. Full gene ontologies for each population can be found in the
Supporting Information (Appendix: Table A5 and Table A6)

2.4 DISCUSSION
The purpose of this study was to test for transcriptional changes in the brain that
may provide for accelerated neural development in response to cues from a novel
environment (saltwater challenge). The expectations for such transcriptional changes are
predicated on the fish’s need to process and respond to a novel and rapidly changing
natural environment. My experiments were designed to quantify transcriptional response
of Chinook salmon smolt brains to salt water using RNA-Seq methodology. I further
explored the expected adaptive neural response to saltwater exposure by comparing the
brain transcriptional response between fish from wild and domesticated populations of
salmon. As salmon populations are thought to be highly local adapted31,32 and also
typically exhibit population-level variation in ocean migration behaviours33,34 my
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comparison of a wild versus domesticated population of salmon provides a powerful test
of the prediction of locally adapted neuroplastic capacity.
In the wild, Chinook salmon smolts have been shown to migrate between 8.7 and
27.5 km/day in the late stages of seaward migration35,36, thus they could move from a
freshwater stream to the ocean in less than a day. The saltwater challenge time (24h) was
chosen to reflect this. Such a quick transition between such different environments
should trigger the accelerated development of new neural connections and structures
within the brain. There is evidence of this for the wild fish in this study, with
biosynthetic processes being disproportionately represented in genes differentially
expressed in response to salt water (36% of differentially expressed genes, compared to
6% of all detected genes involved in biosynthetic processes). A similar ontology trend
was observed in the domesticated fish; however, to a much lesser degree and with the
genes involved showing different expression trends in response to salt water. In the
context of investigating an increase in the capacity for neuroplasticity/brain development,
biosynthesis processes may be one of the most important factors to consider in the gene
ontology because it signals changes in the allocation of cell resources and activity.
However that role has not been previously investigated in detail in fish.
In the wild fish, two thirds of the differentially expressed genes showed upregulation in response to the saltwater treatment. Most of the down-regulated genes were
either uncharacterized (unsuccessful BLAST hits) or they were ribosomal proteins. A
number of the differentially expressed genes are characterized and thought to be directly
involved in brain development and neuroplasticity in a variety of model organisms. They
are all upregulated, and include: basic transcription factor 3 (btf3, 4.43 fold), guanine
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nucleotide binding protein 2L1/Receptor for activated kinase 1 (gnb2l1/rack1, 16.0 fold),
calmodulin 2a (calm2a, 30.5 fold), cellular retinoic acid-binding protein 1b (crabp1b, 5.0
fold), olfactomedin 1 (olfm1a, 9.0 fold), and p21 activating C kinase 4 (pak4, 68.0 fold).
btf3 is a basic transcription factor that has been shown to be integral in normal
mouse development37 and in the modulation of apoptosis38,39. While the function of
gnb2l1 (a guanine-binding G protein) is not completely understood, it interacts with
rack1 and is suspected to be involved in Pi3k/Mapk cell proliferation and signaling
pathways40,41. The Rack1 and Mapk pathway, along with interacting partners, have been
implicated in human neurological disorders such as schizophrenia42 and bipolar
disorder43, and is a modulator of brain-derived neurotropin factor (bdnf)- a neurotropin
playing a central role in nerve cell growth, differentiation, and survival44,45. calm2a
belongs to the calmodulin family of kinases which is integral to memory formation,
consolidation, and retention46,47, osteoblast growth and differentiation48, and synaptic
plasticity49. crabp1b (retinoic acid- binding protein) acts as a transporter of retinoic acida molecule largely involved in neural cell regeneration, proliferation50,51 and transcription
regulation52,53. Olfactomedin (olfm1a) is active in the developing brains and nervous
systems of many organisms54,55, and was recently reported to interact antagonistically
with wif-1 of the Wnt pathway during optic nerve development in zebrafish56. The Wnt
pathway is a major contributor to cell fate, proliferation, and migration, indicating that
olfma1 may indirectly affect those processes in the brain tissue. Perhaps the most
convincing evidence of an increase in neuroplastic capacity in the wild fish in response to
the saltwater cue is the large increase in pak4 expression. pak4 is expressed in many
tissues, and interacts with Rho and Rac in the formation of the cytoskeleton. It promotes
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cell proliferation in fibroblasts57, and neurite growth when activated by cdc4258 (a cell
cycle protein involved in the Rho signalling pathway). It is essential during brain
development of mice, with null mutations leading to improper folding of the neural
tube59, and a drastic decrease in proliferation and maintenance of neural progenitor
cells60. All of these genes are involved in aspects of neural development consistent with
changes in plasticity (though separately, they have functions in other pathways), and
although there are many more genes involved in neuroplasticity, the up-regulation of the
genes listed here in response to salt water indicates a compelling trend towards a
corresponding increase in neuroplastic potential.
Roughly 40 percent (17 genes) of genes differentially transcribed in response to
salt water were the same for wild and domesticated fish. Surprisingly, the regulation of
most of the shared genes was in opposite directions for the wild and domesticated fish,
with most genes involved in neuroplastic potential being down-regulated in response to
salt water in domesticated fish. There were also two genes known to be involved in brain
development (fatty acid binding protein 7 (fabp7) and myelin basic protein (mbp))
identified as significantly responding to the salt water challenge in the domesticated fish
that were not detected in the wild fish. fabp7a, which was shown to be up-regulated in
response to salt water, is abundant and widespread in the zebrafish (Danio rerio) brain
during development, and may be important in the organisation of certain brain
structures61. Cells expressing fabp7a have also been shown to produce perineurial glia,
sheathed nerve fibers normally found in the peripheral nervous system62. mbp is an
essential part of the myelin sheath, so a decrease in mbp indicates a decrease in the
potential to produce white matter, and hence a lower synaptic network potential63 across
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the brain. Interestingly, many of the genes involved in the salt water response are also
differentially expressed between the domesticated and wild fish at rest in the fresh water,
indicating that those selected genes exhibited an initial difference in the neuroplastic
potential between the two populations, a difference in how that potential is maintained, or
both.
My data indicates that salt water does trigger transcriptional changes in the wildraised, Big Qualicum Chinook smolt brains that are consistent with preparation for rapid
neural development. There is also evidence that salt water does not trigger YIAL
Chinook smolt brains to prepare in the same fashion. This may be a result of remnant
local adaptation differences between the Robertson Creek Chinook salmon (the origin of
the YIAL stock) and the present day Big Qualicum Chinook salmon, or it may be a result
of the domestication process whereby evolved cognitive developmental characteristics
were lost (or modified) due to the lack of environmental stress in the farm environment.
It is also possible that the domesticated salmon have evolved a different brain
development system that is insensitive to saltwater stimuli, as previous studies have
shown rapid divergent evolution of behavioural and structural brain traits between
domesticated and wild salmon64,65,66. Although it may seem unlikely that the YIAL
domesticated Chinook salmon have evolved such a markedly different transcriptional
response to a common environmental cue in the short time (37 years) they have been
domesticated, rapid evolution has been shown in populations of captive salmonids67,68.
Rapid evolution of transcription regulatory elements seems more plausible as the
mechanism for such rapid change70, as even subtle changes in regulation pathways can
dramatically affect expression at many gene loci71,72. Although it is difficult to
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unambiguously show transcriptional evolution based on my study design, the YIAL
domestic Chinook salmon have experienced strong domestication selection pressures
associated with a captive population (e.g. reduced predation risk, increased food
availability, high rearing density, high pathogen concentration, minimal physical
environmental variation, etc.), thus rapid transcription regulation evolution is certainly
plausible.
Due to the nature of incomplete PCR amplification of polyT/randomly primed
RNA and cDNA during sequence preparation, the RNA-Seq method used here is semiquantitative. I identified a number of genes that were transcriptionally responsive to the
saltwater challenge that have yet to be functionally characterized. Until those genes are
characterized, it is not possible to interpret fully the transcriptomic responses reported
here. Similarly, transcriptomic mapping of sequences to the closest annotated species
presents its own challenges that may result in suboptimal sequence read-to-gene
assignment. As salmon genes become more broadly characterized, the data here will be
easier to interpret, perhaps fostering new neural development gene discovery. Gaining a
greater understanding of gene expression patterns during periods of increased
neuroplasticity in salmon may offer insight into why other species are not able to
regenerate neural tissue to the same magnitude73.
In conclusion, salt water triggers changes in the brain transcriptome that appear to
be strongly related to future brain development in the wild Chinook salmon through
neurogenesis and signaling pathways, but does not trigger a similar response in the
domesticated fish. This may be due to local adaption, although differences in the
domesticated population cannot confidently be attributed to the farm environment alone.
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In light of these results, I propose that neural responses to a dramatic shift in
environmental stimuli drive rapid brain changes, requiring neural plasticity. Although I
do not know the details of the mechanisms of neuroplasticity, transcriptional modification
may be the key, and RNA-Seq technology will greatly enhance our ability to detect and
understand these changes. This work not only adds to the understanding of how brains
may react to changing environments, but also how responses may differ between groups
of individuals. My work adds to the understanding of how high-throughput sequencing
technologies can be used to investigate complex evolutionary and physiological
questions.
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Table 2.1 Select genes in Chinook smolt brains with known neural function, differentially
expressed in response to salt water.
Gene
Go ID/Description
Fold
Significance
Fold
Significance
Change
Level (q)
Change
Level (q)
Wild
Domestic
calm2a Phosphorylase kinase, delta
30.50
2.46E-17
-13.40
1.71E-15
gnb2l1

nme2b

pak4
cox3
slc25a6
olfm1a
crabp1b

sumo2
btf3
fabp7a

mbp

Guanine nucleotide binding
protein (G protein), beta
polypeptide 2-like 1
Oogenesis, nucleoside
biosynthesis, transferase,
phosphorylation
Serine/threonine kinase,
embryonic morphogenesis
Oxidoreductase activity,
electron transport
Solute transport

16.00

1.95E-4

-20.00

1.83E-05

-2.67

0.044

6.00

0.021

68.00

2.12E-41

-19.60

6.50E-30

1.55

1.44E-06

6.67

1.63E-46

8.00

0.040

-24.00

1.04E-06

Olfactomedin, axonogenesis,
retinal development
transport GO:0006810, lipid
binding GO:0008289,
transporter activity
GO:0005215
SMT3 suppressor of mif two
3 homolog 2
Basic transcription factor

9.00

0.021

---

---

5.00

0.041

---

---

5.00

0.009

---

---

4.43

5.59E-05

---

---

Transport GO:0006810, lipid
binding GO:0008289,
transporter activity
GO:0005215, fatty acid
binding GO:0005504
Myelination, neuronal cell
body, cell projection

---

---

4.14

5.78E-4

---

---

-9.00

0.019
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Table 2.2 Biological process gene ontology for genes significantly expressed in response
to salt water for each population.
Term
GO ID
P-Value
Differentially
% of Total
Expressed
Genes in
Genes
Term
Wild (BQ)
metabolic process
8152
4.49E-06
22
0.62%
biosynthetic process
9058
2.34E-09
17
1.52%
cellular metabolic
44237
5.96E-07
21
0.74%
process
primary metabolic
44238
1.1E-06
21
0.71%
process
organic substance
71704
1.62E-06
21
0.69%
metabolic process
cellular process
9987
4.88E-06
26
0.51%
Domesticated (YIAL)
metabolic process
biosynthetic process
cellular metabolic
process
primary metabolic
process
organic substance
metabolic process
cellular process

8152
9058
44237

0.246
0.00218
0.0697

14
11
14

0.39%
0.98%
0.49%

44238

0.0942

14

0.48%

71704

0.113

14

0.46%

9987

0.267

18

0.35%
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Figure 2.1 Distribution of unique genes between experimental groups (WF= wild
freshwater control, WS= wild saltwater treatment, DF= domesticated freshwater control,
DS= domestic saltwater treatment).
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Figure 2.2 Fold change (Log2 transformed) from A) Wild freshwater control fish to wild saltwater challenge
fish, B) Domesticated freshwater control fish to domesticated saltwater challenge fish, and C) Wild freshwater
control fish to domesticated freshwater control fish. Only genes showing a q value of less than one (indicating
deviation from expected transcription level) are included. Bars shown in grey indicate significantly
differentially expressed genes.
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CHAPTER 3
DETERMINING WHETHER CHANGES IN NEUROPLASTIC POTENTIAL
RESPONSES TO SALT WATER VARY WITH AGE AND POPULATION IN
CHINOOK SALMON BRAINS

3.1 INTRODUCTION
Anadromous Chinook salmon (Oncorhynchus tshawytscha) undergo a large and
rapid environmental change during migration from their natal streams into the ocean.
Prior to migration, smoltification physiologically pre-adapts Chinook for life in the salt
water, bringing changes in color, size, osmoregulation, and behaviour, among others1,2,3.
While many physiological systems are remodeled during smoltification, the brain’s
response is of particular interest due to its role in growth regulation, sexual
differentiation, behaviour, learning, and ultimately, survival. Large-scale gene
expression studies have shown significant changes in gene transcription in the brain
during smoltification, demonstrating the brain’s role in overall development during this
phase4. There is evidence that salt water triggers changes in tissue differentiation and
metabolism5 separate from smolting, and plays a role in maintaining the physiological
changes produced by smolting6. As young salmon enter the ocean, they must be able to
rapidly process and respond to large changes in their environment (i.e. changes in
predators, prey, topography, etc.). Salmon process and react to environmental data in
complex ways, such as using chemosensory cues to detect and signal danger7,8, avoidance
of certain wavelengths of light, and behavioural changes in response to infrasonic sound9.
Salmon have also been shown to use magnetic fields for navigation10,11, and rely on
visual cues to detect prey12,13. Regardless of the cue, the information must be processed
by the brain, and pattern encountered must be remembered. This makes it likely that
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salmon must experience an increase in neural plasticity associated with their migration to
salt water, as the need for certain functions in the brain will change with the environment.
The ability to quickly acclimate to the new environment will have a direct impact on
survival, thus I postulate that a brain remodeling response to salt water has likely evolved
in anadromous salmonids.
Traits that evolve specifically to deal with environmental conditions tend to differ
among populations14,15. The outcome of such selection is local adaptation, the evolution
of populations to their local environment such that individuals have higher fitness in their
native habitat than those from other populations not native to the habitat16. Local
adaptation is common among salmon populations, driven by low dispersal between
habitats and high fidelity to the differing environments of their natal streams17,18,19.
Phenotypic plasticity may play a role in local adaptation, as salmon experience highly
variable environments, requiring phenotypic flexibility for survival. Phenotypically
plastic traits evolve in two ways: first evolution of the trait itself, and second, the
evolution of the range of expression, or plasticity of that trait20. Though controversial, it
is thought that highly plastic traits allow rapid adaptation21,22,23. The proposed mechanism
for such rapid evolution would be evolution of gene regulatory pathways for inducible
phenotypes24. In this study, I identify neuroplasticity as a sub-category of phenotypic
plasticity.
Brain development and plasticity are complex, involving a multitude of
interacting genetic pathways to develop cell proliferation/growth, cell death, and neuronal
signaling and synaptic process mechanisms. The recent application of massively parallel
(NextGen) sequencing for mRNA sequencing (RNA-Seq) has dramatically increased our
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ability to quantify transcription patterns in tissues and cells. RNA-Seq has been
extensively used for transcriptome25,26 and differential gene expression studies27,28. Here
I employ a new RNA-Seq technique (directed RNA-Seq) which requires selection of
candidate genes and produces a direct count of transcripts, as opposed to an indirect
signal (such as microarray or qRT-PCR). Directed RNA-Seq facilitates the study of many
individuals at once, and is more quantitative than standard RNA-Seq methods. This
method allows quantitative transcription measurement of multiple genes at a lower cost
per gene per sample than other methods.
Here I investigate transcription changes at sixteen genes known to be involved in
key brain plasticity and development processes/pathways in juvenile Chinook salmon
(Oncorhynchus tsawytscha) in response to salt water. I also test for response differences
among populations (3 wild populations and one domesticated population). I hypothesize a
change in transcriptional pattern in response to the saltwater challenge, specifically
indicative of increased brain plasticity in response to the saltwater cue for changing
habitat. I test for transcription difference at two ages (smolt and fry) with the expectation
for greater response in smolts due to their known physiological propensity for the ocean
environment. Specifically, I predict higher neuroplasticity capacity would be shown by
transcriptional patterns indicating increased progenitor cell maintenance29,30, decreased
cell differentiation (signaling the production of more flexible, pluripotent cells), increased
cell proliferation31, and an increase in cell turnover32,33 when compared with a less plastic
brain. I also expect consistent saltwater/age responses among wild populations, but not
between farmed and wild populations. This study provides insight into how the plasticity

41

of Chinook salmon brains changes with age, as they enter the ocean, and how the
magnitude of these changes varies between wild and domesticated populations.

3.2 MATERIALS AND METHODS
Gamete Collection and Fertilization
In early fall, wild population Chinook salmon eggs and milt were collected from
Conuma, Nitinat, and Big Qualicum river Department of Fisheries and Oceans hatcheries
on Vancouver Island, British Columbia coinciding with natural fall spawning runs.
Gametes from a farmed population were collected from Yellow Island Aquaculture
Limited (YIAL) on Quadra Island, British Columbia in late October. From each
population milt was collected from four males (arbitrarily labeled 1-4) and 500-800g of
eggs from each of four females (arbitrarily labeled 1-4). The numbering of parents was
intended to make grouping assignments easier later in the experiment. Eggs and milt
from the wild populations were collected in plastic bags filled with pure oxygen, and
sealed. Wild eggs and milt were transported to YIAL in a cooled insulated container, to
ensure the temperature of the container remained below 12oC. Upon arrival at YIAL,
each female’s group of eggs were divided into four subgroups. Each subgroup was
fertilized using ten drops of milt from a different male. Using this mating design, each
population was represented by a 4X4 cross containing all possible mate pairs (families)
between its four males and four females. Gametes from each site were collected on
different days, with Conuma gametes collected on September 30th, Nitinat gametes
collected on October 5th, and Big Qualicum gametes collected on October 6th. Gametes
from YIAL were collected on October 23, and spawned on site using the same design
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described above immediately following collection. With a total of four populations, this
design resulted in 64 different families, though only families resulting from parents with
the same arbitrary number were used for this study (ie. Female 1 x male 1, female 2 x
male 2, etc. for each population), thus ensuring each parental fish was used only once for
the experiment. After adding sperm, fresh water was added to activate fertilization.
Fertilized eggs were rinsed three times, then disinfected using Ovadine® (Ferndale, WA)
according to manufacturer protocol, with the exception of treatment time (changed to 10
minutes from 30 minutes pf exposure to Ovadine). Fertilized eggs from each family were
split into two replicates and randomly placed in separate locations within a divided
vertical tray incubation stack. Each replicate was arbitrarily labeled either A or B.

Incubation and Ponding
After developing into alevins, all offspring were transferred to tank (Feb 16 2012:
Conuma-1120 accumulated thermal units (ATU), Nitinat – 1080 ATU, Big Qualicum –
1076 ATU, and YIAL- 936 ATU) based on standard indicators of swim-up (body size,
disappearing yolk sacks, swimming to top of incubation wells). Fry from different
populations, but of the same mate pair designation within populations (eg. Male 1 X
Female 1 from each population) and replicate were placed into 200L tanks with roughly
180L of water. The water was continuously exchanged (approximately 18 L/min flow
through) with ground-fed fresh water at 8-10oC, with constant aeration. Fish were fed a
diet mimicking the natural nutritional content of a wild salmon diet. Tanks were cleaned
every three days using a vacuum pump to remove uneaten food and excrement.
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Saltwater Challenges and Dissection
In April 2012 (beginning April 18th 2012) pre-smolt Chinook salmon fry were
subjected to a saltwater challenge at a rate of 8 groups per day. Four identical 77L tanks
were half-filled with fresh water. InstantOcean® was added, and the solution was mixed
until the salinity was 15 ppm by refractometer, and an air supply was added (compressed
air through air stones). Twenty fish from each of four randomly chosen rearing tanks
were put into separate saltwater treatment tanks. Twenty fish from each of the same
ponding tanks were humanely euthanized as freshwater controls, and their heads were
preserved in a high-salt RNA preservative (Supplementary Materials). For saltwater
treatments, additional InstantOcean® was added to each saltwater-containing tank after
the first eight hours to increase salinity to 28ppm. The step-wise increase in salinity was
used to simulate the transition through an estuary in the wild, prior to ocean entry, as the
rate of salinity increase may affect brain transcriptional levels in addition to final salinity.
This process was started again three hours after the beginning of the first group, with four
more randomly chosen sets of fish. The first set of challenges each day began at 11 AM,
and the second set at 2 PM- roughly equal time differences from solar noon in an attempt
to cancel any transcriptional changes due to diurnal effects. After 24 hours in salt water,
saltwater challenged fish were humanely euthanized, dissected, and their heads were
stored in RNAlater as described above. This was repeated for four days, until pre-smolt
salmon from all ponding tanks of interest had been challenged. Heads in RNAlater were
left at room temperature for a day, then transferred to -20oC.
In early June, the Chinook salmon in the rearing tanks were identifiable as smolts
based on the loss of parr marks, silver colour and size (mean ± S.E. = 6.48 ±0.76 cm).
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The saltwater challenge and control sampling was repeated on the smolts, with the order
of rearing tanks tested chosen at random. Due to the larger volume occupied by sampled
heads a maximum of ten heads were preserved in 40mL of RNAlater to ensure proper
preservation of RNA. Samples were transported on ice in insulated containers from
YIAL in British Columbia, to the Conservation Genetics Lab at the Great Lakes Institute
for Environmental Research (GLIER), University of Windsor, Ontario.

DNA Extraction, Population Assignment, and RNA Extraction
It was necessary to distinguish the population of origin for individual fish using
microsatellite assignment because all four different populations were reared together.
Prior to mixing fish from the four populations in the rearing tanks, tissue samples from
known families and populations were taken. DNA was extracted using the procedure
outlined in Elphinstone et al. (2003)34. All individuals were genotyped at three loci: Ots
204, Ots 209, and Ots 211- tetranucleotide repeat microsatellite loci previously
characterized by Greig et al. (2003)35 using a LI-COR 4300 DNA Analyzer (Lincoln,
NE). Parental genotypes were constructed using the resulting microsatellite patterns, as
parental tissue samples were not available. The reconstructed parental genotypes were
used to assign sampled fish to their population and family of origin.
The control and saltwater challenged heads were dissected to separate brain from
muscle tissue, and the tissue was used for DNA extraction and microsatellite genotyping.
The microsatellite genotype of the offspring fish were assigned to parents (with 100%
fidelity) to identify family and population membership. Upon successful identification of
source population, RNA was extracted from brain tissue using Invitrogen Trizol
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(Carlsbad, CA) following the method outlined by Chomczynski and Sacchi (1987)36.
RNA quantity and purity were tested using the GE NanoVu (Fairfield, CT).

Candidate Gene Selection and Primer Design
Sixteen genes were selected for this study based on their putative function in
major aspects of neuroplasticity of the brain. Though most of the genes selected are
involved in multiple pathways with multiple roles (not all related to neuroplasticity), they
can loosely be grouped into three categories: 1) cell proliferation/growth, 2) cell death,
and 3) neuronal signalling and synaptic processes.
1) Cell Proliferation/Growth: Genes active primarily in cell proliferation/growth include
zinc finger cerebellum 2a (zic2a), sonic hedgehog (shh), sex determining region box-2
(sox2), growth hormone (gh), van gogh like 2 (vangl2), proliferating cell nuclear antigen
(pcna), disrupted in schizophrenia 1 (disc1), neurogenic differentiation factor (ndf1), and
synaptysomal-associated protein 25-a (sn25a). zic2a negatively regulates hedgehog
signalling37, and in turn, downstream genes such as pax2 and six3, linked to development
of specific features in the brain38,39, is expressed in pluripotent stem cells in similar
patterns as markers of neurogenesis in adult zebrafish40 , and contributes to progenitor
cell maintinance41. Decreases in shh and sox2 expression are both detrimental to
neurogenesis, cell proliferation, and progenitor cell maintenance in the mouse
brain42,43,44. Increases in gh have been shown to strongly facilitate neurogenesis in adult
humans45 and promote neural cell proliferation in some regions of the brain after injury46.
vangl2 plays a vital role in the planar cell polarity pathway, proposed to be active in the
formation of axons47, and its reduced expression has been shown to induce neural
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progenitor cell differentiation48. pcna is an antigen used as a marker for neurogenesis due
to its coupling with regenerative processes in the nervous system (including dividing
glia)49,50, and disc1 has vital roles in progenitor cell proliferation and regulates
maturation, migration, and morphogenesis of neurons51,52. ndf1 is a target of numerous
Wnt proteins during adult neuron production and differentiation53,54 and regulates cell
survival in the brains of mice55. sn25a could be considered a hybrid between cell growth
and synaptic process groups as it mediates synaptic plasticity and neural function56, and
reductions in expression level cause a decrease in neuron survival57.
2) Cell Death: Calmodulin 2a (calm2a) and glutamate receptor, ionotropic, N-methyl Dasparate 1a (grin1a) are both tied to the determination of cell death through cellular
calcium levels, and also interact, affecting synaptic plasticity, neuronal signalling,
proliferation58. Increased expression levels of both genes cause an increase in cell death
through various pathways while a decrease in expression has the opposite effect59,60,61,62.
3) Neuronal Signalling/Synaptic Processes: Gonadotropin releasing hormone (gnrh),
canabannoid receptor 1 (cnr1), estrogen receptor-alpha (er-α), cellular retinoic acid
binding protein 1a (crabp1a), and β-catenin 1(ctnnb1) all are associated with the neuronal
signalling/synaptic processes group of genes. Within the brain, gnrh is a
neurotransmitter, thought to be active in modulation of terminal nerve cell
excitability63,64,65, and cannabanoid receptors are responsible for neurotransmitter release,
often in reward responses. Blocking cnr1 receptors has been shown to decrease reward
memories66,67, which leads to synapse reduction in affected neurons - a general decrease
in cnr1 may have the same effect. er- α facilitates increases in synaptic plasticity and
expansion in the hippocampus of mice68 by mediating interactions between estrogen and

47

Akt69,70. ctnnb1 and its interaction with the Wnt pathway are well known for their roles
in memory through synaptic plasticity and transmission71,72, and crabp1 is well known
for its interaction with retinoic acid, a molecule integral in the Shh pathway for neural
patterning in developing organisms, and neural regeneration in adults73,74.
I designed PCR primers based on my previous transcriptomic work in Chinook
salmon smolt brains (Chapter 2), while others were based on NCBI mRNA sequences for
the respective gene in the closest relative of Chinook salmon for which sequences were
available. Primer sequences for two genes of interest (vangl2 and cb1) and my two
reference genes (ef-1a and β-actin) were taken from previous studies. Primers were
designed to amplify no more than 250 bp regions. Their sequences and relevant
references are given in Table 3.175,76,77. Primers for cDNA synthesis included a gene
specific region, and an adapter sequence region on the 5’ end (not shown in Table 3.1)
for attaching barcodes in later steps to identify individual samples after sequencing.

cDNA Synthesis, Barcoding, and Quality Control
First strand cDNA was synthesized using NEB M-MuLV reverse transcriptase
(Ipswich, MA) and suggested protocol with a multiplex of gene-specific primers. Second
strand synthesis was performed as a standard PCR reaction using 5 µL of 1st strand
cDNA as a template and 16 cycles to prevent entering the plateau phase of the reaction.
Reactions were cleaned using Agencourt AMPure bead protocol (Beckman Coulter,
Pasadena, CA) to remove primer dimers prior to barcoding. Ion Torrent (Carlsbad, CA)
barcodes and adaptor sequences were attached to samples using 8 PCR cycles and 5 µL
of cleaned second strand cDNA. The resulting reactions (multiplex bar coded for each
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fish) were pooled and size selected using a TAE agarose gel extraction (for fragments
including barcodes). cDNA was recovered from the gel using the Epoch GenCatch Gel
Extraction Kit (Sugar Land, TX). The final product was checked for fragment size range
and concentration using the Agilent Technologies 2100 Bioanalyzer (Santa Clara, CA).
Using the integrated concentration over the selected fragment size range, the combined
samples were diluted to 26 pmol/µL prior to sequencing.

Sequencing and Data Analysis
The sample was prepared for sequencing using the Ion Torrent One Touch
(Carlsbad, CA) protocol. The sample was sequenced using 200 bp chemistry with the Ion
Torrent 318 chip (Carlsbad, CA). Gene counts were normalized within samples to the
geometric mean of ef-1a and β-actin counts in the same sample. The resulting ratios did
not follow a normal distribution. To increase normality, the data were log transformed,
and outliers were removed prior to statistical analysis. Individuals showing a zero
transcript count for a particular gene were treated as missing data, and were excluded
from differential transcription analysis of that gene. These cases appeared to be evenly
distributed across samples, and caused an artificial skew in transformed data. Outliers
were identified both visually (boxplots) and statistically (outlier labelling rule), and were
only removed from final analysis if the removal made no significant impact on statistical
analysis outcome, but did satisfy normality. I used a factorial ANOVA to test for
treatment (salt water), age (fry versus smolt), population, and interaction effects on
transcription level of each gene. The full model used is:
Xiajkln = µ + Ai + Ta + Pi + (Ai x Ta) + (Ai x Pi) + (Ta x Pi) + (Ai x Ta x Pi) + Fk + Rl(k) + eiajkln
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Where Xiajkln is the normalized transcript count over individuals (n) in the lth
replicate (R) nested within the kth family (F), both as random effects in the model, and
with the age (Ai), treatment group (Ta), and population (Pj) all as fixed effects. Genes
were tested individually, and terms were dropped upon finding insignificant contributions
to transcription level (p > 0.05 for the effect of a factor). Insignificant factors were
dropped in order, from the highest p value to the lowest p value (within the nonsignificant factors), to ensure the dropping of some factors did not change the
significance of others that were nearly significant. Final one-way or two-way ANOVAs
(depending on remaining effects for the gene being analysed) were constructed, and
relevant post-hoc comparisons made.
3.3 RESULTS
Three hundred and eighty four fish were sampled across four populations (Big
Qualicum, Conuma, Nitinat, and YIAL). Each family was not equally represented, and
the breakdown of fish in each group (age, treatment, population, and family) is given in
Table 3.2. Data from seven fish were not usable for any of the genes tested because they
lacked any reads from control genes ef-1a and β-actin, making it impossible to normalize
counts for the few remaining genes in those fish. The mean transcription level of a gene
varied between population, treatment, and age group combinations (Figure 3.1).
Average sequencing read depth (the average number of transcripts detected per
individual gene across all samples with transcripts for that gene) varied among genes,
indicating that they may be transcribed at different levels (Figure 3.2), though technical
factors such as amplification bias, and interference from other multiplexed genes could
contribute to this. Genes with an average read depth of less than three (disc1, pcna, ndf1)
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were excluded from analysis (leaving thirteen of sixteen genes), and the results of those
with an average read depth of less than five transcripts per individual should be
interpreted cautiously. Each gene with acceptable read depth was included in the analysis
(Table 3.3), and two (crabp1b and ctnnb1) of the thirteen genes analyzed showed no
significant effect from any factor or interaction on transcription (Table 3.3). In the
remaining genes, transcriptional differences were shown to be correlated with age, age by
population interaction, and treatment (depending on the gene, Table 3.4).
Only one gene, zic2a, showed a transcriptional response, an increase, to salt
water. This was observed in both fry, and smolts. Genes showing transcriptional
changes due to age alone included cb1, calm2a, vangl2, grin1a, gnrh, sox2, shh, er-α, and
gh. Furthermore, all genes whose transcription level was affected by age showed a trend
of down-regulation from the fry to the smolt stage (Figure 3.3). sn25a was the only gene
to show a significant interaction term, age by population, in addition to showing a
response to age. While transcription of sn25a decreases from the parr to smolt stage in
salmon for all wild populations, this decrease is significantly larger in the Big Qualicum
population. In addition, sn25a showed significantly less change with age (p < .001,
Tukey HSD post-hoc comparisons) in YIAL than each wild population (Figure 3.4).

3.4 DISCUSSION
I hypothesized that the level of transcription for the genes investigated here would
change primarily in response to salt water, and that the magnitude of response would
differ among populations, indicative of locally adapted neural response. I also expected
that the smolt age group would show a greater capacity for neural plasticity in response to
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salt water as they are physiologically primed for ocean migration2,3,4. My results show
that, among the genes investigated here, a response to salt water is uncommon among the
genes assayed in brain tissue, and there is no significant difference in the response to salt
water among age groups or populations. Only one gene, zic2a, showed a response
(increased transcription) to salt water. This response was seen in both the pre-smolt, and
smolt age groups, indicating that its differential transcription may be weak evidence of a
triggered change in neuroplastic potential for both age groups, and is not an adaptive
response in the smolts. This pattern may have also occurred due to stress, though zic2a is
not presently known to be involved in stress response, and no other genes exhibited
similar patterns. Though this is one of the first studies to investigate the effects of salt
water entry on young salmon brains, there are many that examine brain changes during
the parr-smolt transformation4,80,81, and others that study transcriptional changes in other
tissues in salmon in response to salt water82,83. Recently, growth hormone levels were
found to increase in the pituitary axis after ocean entry, indicating that I may have seen a
greater saltwater triggered transcription response in smolts, had they experienced more
time exposed to salt water84. However, testing transcription changes after extended
periods of exposure would begin to negate the rapid response to environmental changes
that I was testing for. The genes in this experiment were chosen due to their putative
function in facilitating neuroplasticity, and though they represent only a handful of genes
involved in mechanisms contributing to neuroplasticity, their consistent transcriptional
patterns in response to salt water indicate that there is little or no neuroplastic response to
this stimuli.
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I also found no difference in transcriptional patterns among populations for all but
one gene (sn25a). For some genes, high transcriptional variance within populations
(among families and among individuals) likely contributed to the lack of significant
differences, but others show relatively little variation, indicating their transcription
patterns are conserved. Many of the genes investigated here (shh, sox2, er-α, ctnnb) are
essential in conserved brain development pathways and processes (Shh85,86 pathway,
Mapk87,88 pathway, Akt89,90 pathway), so it is not surprising to see evidence for
stabilizing selection acting on their transcriptional patterns. The differences between
populations in transcriptional of sn25a with age, provide weak evidence of genetic
divergence in the domesticated population (YIAL). sn25a is integral in synaptic
transmission, and its reduced transcriptional response with age in the domesticated
population may reflect a slowed maturation rate of the brain compared to the wild
populations. This may be a result of a reduced need to remember and react to prey,
predator, and enrichment stimuli in the farm environment. Domestication effects on
salmon have been widely reported in other traits91, and attributed to a reduction in the
pressures or enrichment present compared to the wild92,93.
Nearly eighty percent of the genes analyzed showed an unexpectedly consistent
trend of transcriptional down-regulation from the fry to smolt stage. Initially I expected
smolts to have greater neuroplasticity, as this is the stage salmon enter salt water and
experience a novel and diverse environment. In the context of neuroplastic capacity, the
functions of genes used in this experiment can be loosely grouped into three general
classes: 1) cell death, 2) progenitor cell proliferation and neurogenesis, and 3) neuronal
signalling/synaptic processes. Cell death is an important part of brain development and
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plasticity, as the turnover of neural cells is important in forming new structures94,95.
Progenitor cell proliferation and growth are obvious components of plasticity due to the
need for existing cells to grow in the direction of new pathways, and new cells to form
new, or dramatically changing structures96,97, while synaptic growth and signaling are
essential to increase efficiency of neural transmissions and information processing98,99.
The transcriptional decrease of the genes studied here from fry to smolt in salmon
indicates a decrease in cell death, cell proliferation, growth, synaptic plasticity, and
neuromodulation. In general, compared to fry brains, smolt brains consistently exhibited
gene expression patterns indicative of more stable, defined, less plastic brains. Decreases
in plasticity from a younger to older life stage indicates that the potential for brain
plasticity may decrease after a developmental window- a pattern which has been shown
in other organisms100,101. This also follows physiological patterns in other parts of the
salmon that change to pre-adapt the fish to salt water life during smoltification3,4,80, and is
likely a normal part of the ageing process This pattern may also indicate that brain
development has slowed after the salmon have adapted to life in the freshwater stream,
and after migration, a longer saltwater cue is required to trigger another period of
increased neuroplastic potential.
Although there appears to be a consistent decrease in neuroplasticity as the
salmon develop from fry into smolts, they likely still exhibit higher plastic potential
relative to mammals. Fish have been shown to regenerate neural tissue after injury
(requiring brain plasticity) to a much greater extent in more areas of the brain than other
vertebrates102,103. The findings from the current study indicate that there may be different
mechanisms responsible for the neuroplasticity involved in neural repair than those
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involved in development, or increases in neuroplasticity can be triggered by some
extreme events, but not others. This concept may also extend to other vertebrates, and
indicate while there is a general decline in neuroplasticity with age, there are
circumstances under which plasticity can increase. There is a genetic basis for this in
mammals, for example, increases in growth hormone have been correlated with
neuroplasticity increases during periods of consistent exercise104. Unfortunately it is
difficult to compare transcription trends under the context of neuroplasticity between
mammals and fish for the genes studied here because they are studied for different
reasons (if they have been studied at all) in either organism. Additionally, hormones
involved in neuroplasticity, such as growth hormone and gonadotropin releasing hormone
are affected by lifecycle, which is drastically different in salmon and mammals105.
While general transcriptional trends have been studied in maturing salmon4,106,
they have not been studied in a functional context in the brain. This is the first directed
sequencing study to investigate functional differences in gene transcription. Although
there is evidence of a neuroplastic response to salt water in Chinook salmon, it is not
widespread, and is not confined to salmon who have undergone physiological preparation
for saltwater entry. Changes due to age were much more prominent, providing evidence
that the brain becomes more stable, and less able to change (decreased neuroplasticity) as
salmon enter the smolt stage, which corresponds to what we know in other organisms107.
This leads to the conclusion that generally, changes in the brain preparing young salmon
to rapidly asses, remember, and make decisions in the new ocean environment are more
proactive than reactive. Curiously, I found no evidence for consistent population effects
on the transcription of my selected genes, indicating little evidence for local adaptation in
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neuroplastic capacity. This is despite a large and growing body of literature that does
support transcriptional differences among populations of salmonids76,108,109.
There is a great deal more to learn, as I studied a handful of genes involved in
neuroplasticity, none of which have completely characterized function, especially in
salmon. In addition, I studied global transcription levels of multiple genes in the brain.
In the future, it would be beneficial to investigate transcriptional changes within specific
regions of the brain to determine where, and when neuroplasticity it strongest. This
applies to any species, and reinforces the need for a continued combination of
transcriptome, molecular, and differential expression studies to explore the complex
nature of spatial and temporal changes in neuroplasticity. This work contributes valuable
knowledge on how salmon brains change during sea entry at different ages, with
development, and how these changes are conserved across both wild and domestic
populations.
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Table 3.1 Study genes (including endogenous control genes) with accession number, forward and reverse primer sequences, and
primer origin.
Gene

Accession #

Full Name/Description

Forward Primer/

Primer Reference/

Reverse Primer

Sequence Origin

Cell Proliferation/Growth

disc1

NM_001142263.1

Neurite growth
development

S50867.1

Hormone, growth
receptor binding

ndf1

BT058820.1

Neurogenic differentiation factor CCTTTAGGAGAAGTGCGGATA/
ATTGGCCCAAGTATTCGTTT

This study/
Genbank

pcna

BT046966.1

shh

AY584236.1

Proliferating cell nuclear antigen, AGCAATGTGGACAAGGAGGA/
DNA polymerase co-factor
GGGCTATCTTGTACTCCACCA
Signal transduction pathway
ACTCCCTGGCGATCTCTG/
GCCCTTCCCTCGTAGTG

This study/
Genbank
This study/
Genbank

sox2

NM_001141718.1

DNA binding;
regulation

This study/
Genbank

sn25a

NM_001173949.1

Synaptic processes;
plasticity

vangl2

See Reference

Rho
signal
transduction; CGGTCCCTTTGGTGACTCTA/
establishment of planar polarity CCTTGGATGTGGTAGCCGTT

gh

and

cortical GGAGGATCTGCTCACGTCTG/
CACTCGCTCCTGCTCTTC
hormone GTACCCTAGCCAGACCCTG/
CCCGTGATGAGCAGGTTG

68

Transcription ATGGGTTCGGTGGTCAAGTC/
GTCCCGTAGGTCTCCTGTC
Synaptic TGAAGAGTGGAGGCAGCAAG/
CCGTTACCCTGCGGATG

This study/
Genbank
This study/
Genbank

This study/
Chapter1
Reilly et al. 200877

zic2a

BT059418.1

Cell Death
calm2a
BT074083.1

Zinc finger
binding

protein;

DNA TGCTGGGCTTAACTTGTGATG/
AATCTTCCAGATAGCATTTCAC
AAT
GCGGAATGCTTCTCTGATCTC/
CTTCCCAGAGTTCCTGACCAT

This study/
Chapter 1

Ion channel activity, NDMA GAGAGCTGTTTTTCCGTTCG/
receptor activity
GAAGATCCCTGCTGCTATGC
Neuronal Signalling/Synaptic Processes
cnr1
See Reference
G-protein receptor activity
GGAGAGGAGTAACATGAGCT/
CAAGCCACCCAACTTCTTGT

This study/
Genbank

grin1a

Phosphorylase kinase

This study/
Chapter 1

XM_005161070.1

binding; ATGCCCAACTTTGCCGGT/
GAGGGCTTTGAGAAGTTCG

Reilly et al. 200877

NM_001279119.1

Retinoic
acid
transporter activity

This study/
Chapter1

ctnnb1

NM_001173938.1

Anchors actin cytoskeleton, may TGGACCATTTCCAATTCTTGGT/
signal end of cell division
ATTCTGATCAAGTGTAACATTG
TGT

This study/
Genbank

er-ɑ

FJ226367.1

Hormone
binding,
binding, DNA binding

This study/
Genbank

gnrh

NM_001124281.1

Gonadotropin releasing hormone ATTGGTCGTATGGGTGGCTA/
TCTTGAATGCTCCATCATCG

This study/
Genbank

Cytoskeleton component

Ching et al. 201075
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crabp1b

Endogenous Controls
β-actin
See Reference
ef-1a

See Reference

catenin GTGGGGATGGTGAAAGGAGG/
TCCACCACCATTGAGACTGC

ACGGCCGAGAGGGAAATC/
CAAAGTCCAGCGCCACGTA
Elongation factor of peptide AATACCCTCCTCTTGGTCGTTT/
translation
CTTGTCGACGGCCTTGATG

Aykanat et al. 201176

Table 3.2 Allocation of young Chinook salmon used across, population, age, treatment, and family groups.
Population
Big Qualicum

Age
Pre-smolt
Smolt

Conuma

Pre-smolt
Smolt

Nitinat

Pre-smolt
Smolt
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YIAL

Pre-smolt
Smolt

Treatment Group
Control
Salt
Control
Salt
Control
Salt
Control
Salt
Control
Salt
Control
Salt
Control
Salt
Control
Salt

Family 1
4
3
7
7
7
8
4
6
7
5
7
6
6
8
6
5

Family 2
5
10
5
6
6
3
8
7
7
8
5
4
6
4
6
7

Family 3
8
4
8
11
2
5
2
3
7
8
8
7
7
7
4
3

Family 4
8
5
9
4
8
5
9
4
4
6
5
8
9
8
6
7

Table 3.3 Full model ANOVA statistics of all genes analysed (both significant and non-significant), where treatment refers to
transcriptional differences in response to saltwater challenge, population refers to an transcriptional differences between Big
Qualicum, Conuma, Nitinat, and YIAL fish, and age refers to transcriptional differences between pre-smolt and smolt stage Chinook
salmon.
Gene
Age
Treatment
Population
Age x
Age x
Treatment x Age x Treatment x
Treatment
Population
Population
Population
Cell Proliferation/Growth

gh
F= 25.56
p= <0.01

0.24
0.851

1.67
0.19

0.01
0.93

1.03
0.38

0.16
0.99

0.33
0.80

14.63
<0.01

0.24
0.63

0.59
0.63

0.22
0.64

0.49
0.69

0.16
0.92

0.67
0.57

30.83
<0.01

0.12
0.73

0.45
0.72

0.22
0.64

3.19
0.024

1.15
0.211

0.66
0.98

27.05
<0.01

0.05
0.46

1.27
0.28

1.46
0.22

1.87
0.13

0.44
0.73

0.25
0.86

11.47
<0.01

0.10
0.80

0.43
0.73

2.48
0.12

2.65
0.05

1.56
0.20

0.45
0.72

0.95
0.33

4.30
0.04

0.20
0.85

2.27
0.13

1.08
0.36

1.03
0.38

1.31
0.27

20.06
<0.01

0.81
0.37

0.93
0.46

1.11
0.29

1.84
0.14

1.15
0.33

0.60
0.61

18.18

0.10

0.30

0.33

0.99

0.24

0.30

shh
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F=
p=
sn25a
F=
p=
sox2
F=
p=
vangl2
F=
p=
zic2a
F=
p=
Cell Death
calm2a
F=
p=
grin1a
F=
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p= <0.01
0.76
0.52
Neuronal Signalling/Synaptic Processes
cnr1
F= 11.68
0.31
0.54
p= <0.01
0.58
0.67
crabp1a
F= 0.15
0.39
0.11
p= 0.70
0.53
0.96
ctnnb1
F= 1.44
<0.01
0.76
p= 0.23
0.95
0.53
er-α
F= 99.47
0.00
0.73
p= <0.01
0.95
0.55
gnrh
F= 22.71
1.41
0.51
p= <0.01
0.236
0.684

0.57

0.34

0.87

0.83

1.44
0.23

2.81
0.06

0.99
0.40

0.28
0.87

0.06
0.80

1.68
0.17

0.52
0.67

0.31
0.82

1.82
0.18

1.63
0.18

0.28
0.84

0.29
0.83

3.56
0.06

4.63
0.05

0.21
0.89

0.81
0.49

3.19
0.08

0.99
0.40

0.81
0.49

0.36
0.78

73

Table 3.4 Condensed model ANOVA results of genes significantly affected by respective factors. Condensed ANOVAs include only
factors found to have significant effects on transcription (different factors/interactions depending on the gene) in the full model
ANOVA. Degrees of freedom, F-test statistic, significance level of effect, and degrees of freedom of error are given.
Gene
Effect
Degrees of Freedom F Statistic
Significance
Degrees of Freedom
(Error)
Cell Proliferation/Growth
gh
Age
1
27.968
p < 0.001
308
shh
Age
1
15.437
p < 0.001
299
sn25a
Age
1
30.518
p < 0.001
369
Age X Population
3
2.881
p = 0.036
sox2
Age
1
30.189
p < 0.001
344
vangl2
Age
1
11.757
p = 0.001
365
zic2a
Treatment
1
4.403
p = 0.037
364
Cell Death
calm2a
Age
1
20.738
p < 0.001
365
grin1a
Age
1
19.225
p < 0.001
331
Neuronal Signalling and Synaptic Processes
cnr1
Age
1
12.415
p < 0.001
291
er-α
Age
1
91.398
p < 0.001
365
Age X Population
3
4.766
p = 0.003
Gnrh
Age
1
28.339
p < 0.001
330

A

74

B

75
C

76
Figure 3.1 Mean transcription level of respective genes by population, life stage, and treatment group. The mean transcription level
represents the log of the average number of reads per individual in a group (combination of population, life stage, and treatment
group- represented by each bar). Population code are: C- Conuma, N- Nitinat, Q- Big Qualicum, and Y- YIAL. A shows
transcription level for genes involved in cell proliferation/growth, B shows transcription levels for genes involved in cell death, and C
shows transcription levels for genes involved in neuronal signaling and synaptic processes.

Figure 3.2 Histogram showing mean sequencing read depth (average number of
transcripts per individual) of each gene across all Chinook salmon samples (not including
samples with zero values for the respective gene).
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Figure 3.3 Means (+/- standard error) of transcription level (Log (Normalized read
count)) for genes in the brains of Chinook salmon pre-smolt (P) and smolt (S) age groups.
Only genes with a significant transcriptional change due to age are shown. Gene in
legend are listed in the order their data points appear in the pre-smolt group.
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Figure 3.4 Trends of sn25a (Log (Normalized read count)) levels from pre-smolt to
smolt age groups in each population. Conuma and Nitinat populations show similar
trends of downregulation, while the Big Qualicum population shows a significantly larger
decrease in expression. The domesticated YIAL population shows no significant
difference between age groups, a significantly shallower trend than the wild populations.
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CHAPTER 4
CONCLUSION
Neuroplasticity is an extremely complex and important process in animals, facilitating
natural development, responses to environmental challenges, memory, and brain injury
recover. Genetic changes at the transcriptional level contribute to neuroplasticity, but
additional studies in molecular biology and neuroscience are often needed to understand
the detailed mechanisms involved in changing plasticity. Fish are an excellent group to
use when studying trends in neuroplasticity because of their ability to regenerate neural
tissue throughout the brain (injury recovery)1,2, as opposed to other animals where brain
regenerative processes are limited3,4. Anadromous salmonids are an ideal group of fish to
study trends in neuroplasticity in the brain because they grow through distinct life stages
(natural development) and migrate through extremely different environments (response
development). This thesis contributes to our knowledge of the impact of the freshwater
to saltwater transition on neuroplasticity in young Chinook salmon (Oncorhynchus
tshawytscha). It also shows how the transcriptional trends of specific genes change with
age, and provides a starting point to predict expression co-dependence of interacting
genes.
In chapter 2, I used a whole transcriptome sequencing approach, selecting for
mRNA, to determine transcriptional changes in the brains of Chinook salmon smolts in
response to salt water. I found that there were substantial differences in the
transcriptional profile of saltwater challenged smolts compared to freshwater controls,
though many of the differentially expressed genes currently have no known function in
neuroplasticity. Furthermore, there were differences in the transcriptional response to
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salt water between farmed and wild individuals. In chapter 2, I examined the changes in
the transcription levels in response to salt water for genes specifically known to be
involved in aspects of neuroplasticity in the brains of Chinook salmon smolts, and how
those responses differed between age groups and populations (three wild, one
domesticated). Most of the differences observed were due to a decrease in transcription
of genes from the parr to smolt stage across all populations, though there were also
responses to population and age interaction effects and salt water. These patterns indicate
that age is the predominant factor in neuroplasticity, though results also showed
neuroplastic potential increases in response to salt water exposure which may have been
more gene specific.
Here I discuss the key findings of my thesis, how they relate to current and past
research, and potential implications. The strongest observation suggests that as salmon
develop from the parr to smolt stage, there is a reduction in the transcription of genes
involved in neuroplasticity. This is consistent with previous work showing salmon
physiologically prepare for the saltwater environment prior to entering salt water5,6, and
indicates that the brain develops in a directed manner to cope with the new environment.
Decreasing plasticity with age has been observed in many species7,8, and is common as
brain development slows.
The final way I addressed the response of neuroplastic potential to salt water was
to determine whether it was conserved, or differed between wild and domestic
populations. RNA-Seq differential transcription analysis of Chapter 2 data showed
modest differences in the genes responding to salt water between wild and domesticated
populations. Chapter 3 data showed none of the genes analyzed responded differently to
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salt water between populations, but one gene (sn25a) showed a significantly reduced
change with age in the domesticated population compared with wild population fish.
Together, these results may reflect local adaption for relaxed brain plasticity in the
domesticated population due to a decrease in selective pressures and environmental
enrichment compared to the wild environment. Domestication effects in salmon have
been shown in other traits11,12, and lowering selective pressures may have caused an
increase in transcription level variation13. This may be why I saw few differences between
wild and farmed populations in Chapter 3.

4.1 FUTURE DIRECTIONS
This thesis provides the first analysis of potential changes in neural plasticity in
response to ocean entry of Chinook salmon, and has substantially contributed to our
knowledge of local adaptation of this response and possible mechanisms of neural
plasticity. While this project explored transcriptional variation at known gene loci, it also
revealed changes in genes of unknown function. I was also not able to localize
transcriptional changes to specific regions of the brain, leaving the response of specific
functional areas unknown. While there was evidence of well-described general
developmental pathways guiding phenotypic and neural plasticity, these are not the only
source of structural and functional differentiation - epigenetic mechanisms have recently
been shown to be involved in developing these processes as well. Future experiments to
build on the knowledge here include:


Experiment 1: I found many genes in Chapter 2 that were differentially regulated
in the brain’s response to salt water. One of the drawbacks of using high-
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throughput sequencing technology is the return of data (genes) that have not been
characterized in the study species and some that have not been characterized in
any species. To truly understand the role of these genes in the brain, it would be
necessary to investigate the function of these genes through knockout experiments
and yeast two-hybrid experiments directed at suspected interacting proteins. This
would offer insight into the importance of the gene under different conditions, as
well as pathways these uncharacterized genes may be involved in.



Experiment 2: Although studies of global gene expression in the brain are a solid
foundation to investigate how the brain responds to stimuli, it is well known that
different regions of the brain have different functions and likely different gene
expression response patterns. Investigating the expression pattern changes in
different regions of the brain in response to salt water would offer insight into
differences in response to salt water among regions. Such a study would aid in
determining which functional changes occur and where.



Experiment 3: The salmon studied here were still early in development, so
developmental mechanisms may have driven the differences found in
neuroplasticity. Investigating the brain’s genetic response to trauma later in life
will allow the detection of neuroplastic mechanisms involved in injury recover.
Considering the high capacity for neural regeneration in fish, it would be
interesting to compare gene expression changes after injury in fish to those of
human/mammal expression patterns in the brain after injury. Identifying genes
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expressed in a damaged fish brain that allow it to recover from injury, and
comparing them to genes expressed under similar circumstances in mammals will
offer insight into why mammals cannot recover from brain injury to the same
extent as fish. Targeting these genes for therapy in damaged mammalian brains
may offer the opportunity for humans to recover from brain injuries in a similar
manner.



Experiment 4: Many aspects of the developmental process has been shown (in
mammals) to be governed by epigenetic changes, including mechanisms such as
methylation, acetylation, and RNAi, as well as gene-gene interactions (epistasis).
In salmon, developmental processes at the genetic level are complicated by their
ancestrally tetraploid genome. With twice the number of possible loci for each
gene, it is likely that many duplicated gens are partially silenced14. Methylation
of both histone packaging proteins and DNA itself can cause gene silencing, and
differing levels of methylation during development would be consistent with brain
development partially governed by epigenetic mechanisms. Such experiments
would offer insight into the regulation of phenotypic plasticity experienced by
salmon as they transition between fresh and salt water.

My research has not only provided a baseline understanding of the brain changes
involved in the saltwater response of Chinook salmon, but has also offered further
evidence for the mechanisms of regulation of neural plasticity, and in part, phenotypic
plasticity, and the occurrence of rapid local adaptation. Changing environments often
require cognitive acclimation, which is facilitated by neuroplasticity, and mass changes in
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neuroplasticity are presently best identified at the transcriptomic level. The implications
of my research are not confined to salmon species, or even fish, as fish provide a unique
model for neural regeneration, and thus knowledge of their neuroplastic mechanisms can
be used to inform mammalian brain recovery research.
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APPENDIX

Sequencing Metrics
Table A1 Number of high quality reads (determined using standard Roche 454 qualitycontrol parameters) and average read length recorded in each sample as reported by
Roche 454 FLX+ software. Wild (BQ) and domesticated (YIAL) are labelled W and D
respectively, and freshwater control group and saltwater challenged group are labelled F
and S respectively.
Sample

High Quality
Reads

WF
WS
DF
DS

25,544
119,052
39,660
55,615

Average
Read Length
(bases)
324
414
380
403

Mapped
Reads

Unique
Genes

1180
4723
1707
2168

431
1397
727
672

Differential Transcription
Table A2 Significantly differentially expressed genes in response to salt water of the
wild fish. Significance was determined using false discovery rate. The q-value
represents the probability that differences identified as significant are false positives.
Gene
pak4
calm2a
zgc,171772
rpl10
gnb2l1
rpl5b
fth1a
ppial
LOC793200
oaz1
olfm1a
psma5
rps4x
slc25a6
eno3
eif1b

Fold Change
68.0
30.5
22.0
17.0
16.0
14.0
11.4
10.5
10.0
9.0
9.0
9.0
8.0
8.0
8.0
8.0

p-value
1.04E-41
1.11E-17
1.86E-12
4.12E-05
8.14E-05
3.16E-04
7.49E-24
2.00E-05
4.54E-03
8.73E-03
8.73E-03
8.73E-03
1.64E-05
1.67E-02
1.67E-02
1.67E-02
87

q-value
2.12E-41
2.46E-17
4.93E-12
9.07E-05
1.95E-04
8.45E-04
1.48E-23
4.50E-05
1.18E-02
2.07E-02
2.07E-02
2.07E-02
4.16E-05
4.03E-02
4.03E-02
4.03E-02

atp6v0ca
ncbp2
prdx2
zgc,109973
rpl8
sumo2
rpl36
crabp1b
btf3
hsp90ab1
rps3
atp5o
zgc,113055
COX3
nme2b.1
rps7
rps9
dynll2a
hbbe2
rps24
rpl18a
rps5
zgc,55461
zgc,73293
rps11
rps20
ndufa4l
gpia
rps23
LOC100330344

8.0
8.0
6.0
6.0
5.3
5.0
5.0
5.0
4.4
4.2
4.0
3.6
3.0
1.6
-2.7
-3.1
-3.3
-3.5
-3.9
-4.3
-5.2
-5.3
-5.3
-5.9
-8.0
-9.0
-11.0
-14.0
-16.0
-24.0

1.67E-02
1.67E-02
5.48E-03
5.48E-03
8.74E-07
3.28E-03
1.78E-02
1.78E-02
2.42E-05
5.04E-06
1.71E-02
5.63E-04
4.02E-03
4.02E-07
2.23E-02
4.96E-11
5.29E-03
1.07E-02
1.09E-05
8.42E-03
6.13E-08
1.93E-03
5.17E-03
1.71E-06
1.57E-03
2.28E-02
6.61E-07
1.14E-03
3.36E-04
2.41E-06

4.03E-02
4.03E-02
1.24E-02
1.24E-02
2.62E-06
9.48E-03
4.10E-02
4.10E-02
5.59E-05
1.19E-05
4.09E-02
1.36E-03
1.03E-02
1.44E-06
4.42E-02
1.44E-10
1.24E-02
2.31E-02
2.68E-05
2.07E-02
1.94E-07
4.51E-03
1.24E-02
4.55E-06
4.01E-03
4.60E-02
1.77E-06
2.99E-03
8.62E-04
5.55E-06

Table A3 Significantly differentially expressed genes in response to salt water of the
domesticated fish. Significance was determined using false discovery rate. The q-value
represents the probability that differences identified as significant are false positives.
Gene
zgc,113055
zgc,73293
pcp4b
LOC100330344
zgc,109973
rps7

Fold Change
30.0
20.0
16.0
15.0
15.0
13.9

p-value
3.08E-08
2.13E-05
7.20E-08
5.23E-04
5.23E-04
3.62E-21
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q-value
7.36E-08
3.68E-05
1.18E-07
8.68E-04
8.68E-04
5.12E-21

rpl7a
rpl18a
rps27a
zgc,65996
rpl12
ubc
naca
COX3
hbbe2
rpl10a
rps3
nme2b.1
rpl7
zgc,92237
rps25
tubb2c
rps9
fabp7a
fth1a
tuba1
atp5c1
calm1b
zgc,123194
tuba8l4
zgc,171772
zgc,101757
calm3a
rpl3
heatr3
slc25a4
calm3b
mbp
psma5
rpl5b
calm2a
tuba8l2
LOC793200
pak4
gnb2l1
slc25a6

13.0
10.0
10.0
9.0
9.0
7.5
7.5
6.7
6.7
6.3
6.0
6.0
5.8
5.0
4.7
4.5
4.3
4.1
-2.6
-3.5
-3.5
-4.4
-4.5
-5.5
-5.5
-5.5
-6.0
-6.8
-8.0
-9.0
-9.0
-9.0
-11.0
-11.0
-13.4
-15.0
-17.0
-19.7
-20.0
-24.0

1.84E-03
1.23E-04
1.18E-02
2.15E-02
2.15E-02
3.25E-13
2.37E-03
1.63E-46
4.95E-04
1.06E-04
1.30E-02
1.30E-02
1.46E-07
7.59E-03
1.28E-02
4.38E-03
7.25E-03
3.19E-04
1.10E-05
1.73E-02
1.73E-02
1.88E-05
2.20E-03
5.94E-06
2.47E-04
1.15E-02
6.46E-03
6.22E-08
1.94E-02
1.04E-02
1.04E-02
1.04E-02
2.93E-03
2.93E-03
1.17E-15
2.18E-04
5.83E-05
8.69E-30
7.89E-06
5.33E-07
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3.80E-03
2.38E-04
2.11E-02
3.92E-02
3.92E-02
3.96E-13
4.70E-03
1.63E-46
8.68E-04
2.18E-04
2.11E-02
2.11E-02
2.30E-07
1.51E-02
2.11E-02
8.97E-03
1.48E-02
5.78E-04
2.00E-05
3.32E-02
3.32E-02
3.47E-05
4.65E-03
1.29E-05
5.07E-04
2.11E-02
1.19E-02
1.16E-07
3.64E-02
1.87E-02
1.87E-02
1.87E-02
5.04E-03
5.04E-03
1.71E-15
4.26E-04
1.14E-04
6.50E-30
1.83E-05
1.04E-06

Table A4 Significantly differentially expressed genes from the freshwater control of the
wild fish to the freshwater control of the domesticated fish.
Gene
pak4
calm2a
slc25a6
zgc,171772
rpl3
gnb2l1
LOC793200
tuba8l2
fth1a
rpl5b
psma5
zgc,101757
tuba8l4
atp5c1
zgc,123194
rpl8
hsp90ab1
calm1b
COX3
rpl7
rps5
dynll2a
fabp7a
rpl10a
rps9
ubc
pcp4b
nme2b.1
rps27a
zgc,65996
gpia
rps23
rps11
hbbe2
rps24
rps7
LOC100330344

Fold Change
113.0
64.0
23.0
21.0
19.5
19.0
16.0
15.0
12.0
11.0
11.0
11.0
8.0
7.0
5.7
4.5
4.2
2.83
-1.9
-2.6
-3.0
-3.0
-3.2
-3.3
-3.5
-5.1
-6.5
-6.5
-8.0
-8.0
-8.0
-9.0
-9.0
-9.3
-10.0
-12.8
-13.0

p-value
5.28E-30
1.24E-16
1.05E-05
3.64E-05
8.14E-09
1.26E-04
8.02E-04
7.97E-04
1.19E-11
7.99E-03
7.99E-03
7.99E-03
1.14E-05
9.54E-03
5.68E-03
9.01E-03
5.37E-03
6.85E-03
1.49E-05
1.41E-02
2.38E-02
2.38E-02
3.88E-03
1.41E-02
8.25E-03
1.08E-08
2.72E-03
2.72E-03
1.47E-02
1.47E-02
1.47E-02
7.55E-03
7.55E-03
3.95E-07
3.87E-03
1.23E-19
5.08E-04
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q-value
7.03E-30
1.71E-16
2.15E-05
5.69E-05
1.49E-08
2.24E-04
1.48E-03
1.48E-03
1.80E-11
1.35E-02
1.35E-02
1.35E-02
2.15E-05
1.73E-02
1.35E-02
1.40E-02
1.35E-02
1.35E-02
2.60E-05
2.19E-02
4.94E-02
4.94E-02
7.04E-03
2.19E-02
1.35E-02
1.49E-08
6.03E-03
6.03E-03
2.32E-02
2.32E-02
2.32E-02
1.35E-02
1.35E-02
5.44E-07
7.04E-03
1.43E-19
1.03E-03

rpl18a
ndufa4l
zgc,73293

-16.0
-18.0
-23.0

3.36E-09
1.68E-05
2.39E-07

4.49E-09
2.73E-05
3.80E-07

Table A5 Wild fish Gene Ontology of genes significantly differentially expressed in
response to salt water.
Term

Biological process
metabolic process
biosynthetic process
cellular metabolic process
primary metabolic process
organic substance metabolic
process
cellular process
Molecular function
structural molecule activity
structural constituent of
ribosome
Cellular component
macromolecular complex
ribonucleoprotein complex
organelle
non-membrane-bounded
organelle
intracellular organelle
cell part
intracellular
intracellular part
organelle part
intracellular organelle part

GO ID

P-Value

Differentially
Expressed
Genes

% of Total
Genes in
Term

8152
9058
44237
44238
71704

4.49E-06
2.34E-09
5.96E-07
1.1E-06
1.62E-06

22
17
21
21
21

0.62%
1.52%
0.74%
0.71%
0.69%

9987

4.88E-06

26

0.51%

5198
3735

2.71E-14
1.8E-18

13
13

6.02%
13.00%

32991
30529
43226
43228

9.89E-13
2.58E-16
2.54E-05
1.04E-12

19
14
16
14

1.73%
6.31%
0.70%
3.26%

43229
44464
5622
44424
44422
44446

2.75E-05
0.00015
1.3E-07
3.39E-06
0.00104
0.00102

16
20
11
20
9
9

0.70%
0.49%
1.96%
0.63%
0.94%
0.95%

Table A6 Domesticated fish Gene Ontology of genes significantly differentially
expressed in response to salt water.
Term

Biological process
metabolic process

GO ID

P-Value

Differentially
Expressed
Genes

% of Total
Genes in
Term

8152

0.246

14

0.39%

91

biosynthetic process
cellular metabolic process
primary metabolic process
organic substance metabolic
process
cellular process
Molecular function
structural molecule activity
structural constituent of
ribosome
Cellular component
macromolecular complex
ribonucleoprotein complex
organelle
non-membrane-bounded
organelle
intracellular organelle
cell part
intracellular part
intracellular
organelle part
intracellular organelle part

9058
44237
44238
71704

0.00218
0.0697
0.0942
0.113

11
14
14
14

0.98%
0.49%
0.48%
0.46%

9987

0.267

18

0.35%

5198
3735

1.22E-10
7.94E-11

11
9

5.09%
9.00%

32991
30529
43226
43228

1.42E-10
6.82E-13
3.04E-05
1.72E-12

17
12
16
14

1.55%
5.41%
0.70%
3.26%

43229
44464
44424
5622
44422
44446

3.36E-05
4.23E-05
4.84E-06
0.014
0.0077
0.00773

16
21
20
6
8
8

0.70%
0.51%
0.63%
1.07%
0.83%
0.84%
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